Introduction {#s1}
============

IgG4-related disease (IgG4-RD) is a new emerging disease entity with multiorgan involvement characterized in most patients by increased serum IgG4 concentrations ([@CIT0001], [@CIT0002]). The concept of IgG4-RDs arose when increased serum IgG4 concentrations were observed in patients with sclerosing pancreatitis ([@CIT0003]). Other manifestations of IgG-RD include a characteristic histopathological appearance and an increased number of IgG4^+^ plasma cells within tissue ([@CIT0001], [@CIT0002], [@CIT0004]). IgG4-RD includes a wide variety of diseases, formerly diagnosed as Mikulicz's disease (MD) ([@CIT0005], [@CIT0006]), autoimmune pancreatitis (AIP) ([@CIT0007]), hypophysitis, Riedel thyroiditis ([@CIT0008]), interstitial pneumonitis ([@CIT0009], [@CIT0010]), interstitial nephritis ([@CIT0011], [@CIT0012]), prostatitis, lymphadenopathy ([@CIT0013], [@CIT0014]), retroperitoneal fibrosis (RPF) ([@CIT0015], [@CIT0016]), inflammatory aortic aneurysm ([@CIT0017]) and inflammatory pseudotumor ([Table 1](#T1){ref-type="table"}). Although IgG4-RD is now recognized worldwide, much remains unknown about the behavior of the IgG4 molecule *in vivo*, the pathways through which this immunoglobulin participates in disease and whether the role of IgG4 is primary or secondary.

###### 

Nomenclatures of IgG4-RD

  Tissues                                         Classical names                            IgG4-related names
  ----------------------------------------------- ------------------------------------------ ----------------------------------------
  Hypophysitis (pituitary)                        Autoimmune hypophysitis                    IgG4-related hypophysitis
  Meningina                                       Hypertrophic pachymeninges                 IgG4-related pachymeningitis
  Orbital lesion                                  Orbital tumor                              IgG4-related ophthalmic disease
  IgG4-related orbital inflammatory pseudotumor                                              
  IgG4-related orbital myositis                                                              
  Salivary, parotid, submandibular glands         MD                                         IgG4-related dacryoadenitis
                                                  IgG4-related sialadenitis                  
                                                  IgG4-related parotitis                     
  Küttner tumor                                   IgG4-related submandibular gland disease   
  Thyroid                                         Riedel thyroiditis                         IgG4-related thyroid disease
  HT                                                                                         
  Lung                                            Interstitial pneumonia                     IgG4-related LD
  Pancreas                                        AIP                                        IgG4-related pancreatitis (type 1 AIP)
  Bile ducts                                      Sclerosing cholangitis                     IgG4-related sclerosing cholangitis
  Kidney                                          Tubulointerstitial nephritis               IgG4-related kidney disease
  Retroperitoneum                                 RPF (Ormond disease)                       IgG4-related RPF
  Aorta                                           Lymphoplasmacytic aortitis                 IgG4-related aortitis
  Arteries                                        Inflammatory aortic aneurysm               IgG4-related periarteritis
  Skin                                            Cutaneous pseudolymphoma                   IgG4-related skin disease
  Lymph node                                                                                 IgG4-related lymphadenopathy
  Breast                                                                                     IgG4-related mastitis
  Prostate                                                                                   IgG4-related prostatitis
  Others                                                                                     
                                                  Eosinophilic angiocentric fibrosis         
                                                  Multifocal fibrosclerosis                  

General manifestations of IgG4-RD {#s2}
=================================

The All Japan IgG4-RD Research Group, organized by the Ministry of Health, Labor and Welfare (MHLW) of Japan reached a consensus on the general concept of IgG4-RD ([@CIT0018]): (i) IgG4-RD is characterized by organ enlargement or nodular/hyperplastic lesions in various organs concurrently or metachronously, caused by marked infiltration of lymphocytes and IgG4^+^ plasma cells and fibrosis with unknown etiology; (ii) IgG4-RD can affect various organs, including the pancreas, bile duct, lacrimal gland, salivary gland, thyroid, lung, liver and kidney ([Fig. 1](#F1){ref-type="fig"}); (iii) many patients with IgG4-RD may have lesions in several organs, either synchronously or metachronously; (iv) clinical symptoms vary depending on the affected organ(s), with some patients experiencing serious complications, such as obstruction or compression symptoms as a result of organomegaly or hypertrophy and organ dysfunction caused by cellular infiltration or fibrosis; (v) IgG4-RD mainly affects middle-aged to elderly men; (vi) many patients with IgG4-RD can be treated effectively by steroid therapy; (vii) although the infiltration of IgG4^+^ cells and increased serum concentrations of IgG4 are common features of IgG4-RD, the severity of fibrosis is dependent on the individual organs involved.

![IgG4-RD. (a) IgG4-related dacryoadenitis, sialadenitis and parotitis (so-called IgG4-related MD). MRI (upper) and PET (lower). (b) IgG4-related AIP (type I AIP). CT shows swelling of the pancreas (arrows) with hepatic phase enhancement and low-density capsule like rim (left). Pancreatogram shows diffusely irregular narrowing of the main pancreatic duct (right). CT and X-P films were provided by Dr K. Okazaki (Kansai Medical University). (c) IgG4-related kidney disease (IgG4-related KD). Multiple low-density lesions on enhanced CT (arrows in left) and diffuse thickening of the renal pelvis wall with smooth intraluminal surface (arrows in right).](intimm_dxu074_f0001){#F1}

Naming of IgG4-RD {#s3}
=================

Many terms were previously used to describe IgG4-RD, including IgG4-related sclerosing disease ([@CIT0019]), IgG4-related autoimmune disease ([@CIT0020]), systemic IgG4 plasmacytic syndrome ([@CIT0021]) and IgG4-related multiorgan lymphoproliferative syndrome ([@CIT0006]). The All Japan IgG4-RD Research Group carefully examined reports using these different nomenclatures and concluded that they referred to the same condition. In addition, several reports have described patients with IgG4-associated conditions concomitant with malignant tumors, such as pancreatic and salivary carcinomas and ocular adnexal lymphoma. Therefore, using the term 'systemic' in the nomenclature may lead to an incorrect diagnosis of an IgG4-related condition in a patient with malignant tumors in other organs. On the basis of these findings, the All Japan IgG4 Team agreed to use a uniform nomenclature, 'IgG4-related disease (IgG4-RD)' ([@CIT0001]). An international symposium on IgG4-RD was held in Boston in 2011; the organizing committee consisted of 35 experts on IgG4-RD, including clinicians in various fields, such as rheumatology, gastroenterology, allergy, immunology, nephrology, pulmonary medicine, oncology, ophthalmology, surgery, pathology and radiology, and basic scientists from all over the world. Nomenclature was a specific focus of a portion of the symposium. The term IgG4-RD was accepted by the members of the organizing committee, and recommendations related to terminology for individual organ system manifestations have been published ([@CIT0022]).

Diagnosis of IgG4-RD {#s4}
====================

Because IgG4-RD may occur in many organs throughout the body including the pancreas, bile duct, lacrimal gland, salivary gland, thyroid, lung, liver, gastrointestinal tract, kidney and retroperitoneum, either synchronously or metachronously, detailed diagnostic criteria are needed for the involvement of each organ, including clinical symptoms, serological and histological findings and radiological images. Although organ-specific IgG4-RD criteria have been established, including the diagnostic criteria for IgG4-related MD ([@CIT0023]), IgG4-related AIP type 1 ([@CIT0024]), IgG4-related sclerosing cholangitis ([@CIT0025]) and IgG4-related kidney disease (KD) ([@CIT0026]), these organ-specific criteria are not suitable for the diagnosis of patients with involvement of other organs. In addition, organ-specific criteria may not be familiar to general clinicians and non-specialists in diseases of those organs. As all clinicians should become aware of this new disease entity, comprehensive diagnostic criteria (CD criteria) for IgG4-RD have been established for practical use and to differentiate among malignancies ([@CIT0027]) ([Table 2](#T2){ref-type="table"}).

###### 

Comprehensive diagnostic criteria for IgG4-RD, 2011 (27)

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1\. Clinical examination showing characteristic diffuse/localized swelling or masses in single or multiple organs.
  2\. Hematological examination shows increased serum IgG4 concentrations (≥135mg dl^-1^).
  3\. Histopathologic examination shows
   (i) Marked lymphocyte and plasmacyte infiltration and fibrosis.
   (ii) Infiltration of IgG4+ plasma cells: ratio of IgG4+/IgG+ cells \>40% and \>10 IgG4+ plasma cells per HPF.
  Definite: 1+2 + 3
  Probable: 1+3
  Possible: 1+2
  However, it is important to differentiate IgG4-RD from malignant tumors of each organ (e.g. cancer, lymphoma) and similar diseases (e.g. SS, primary sclerosing cholangitis, Castleman's disease, secondary RPF, Wegener's granulomatosis, sarcoidosis, Churg-Strauss syndrome) by additional histopathological examination.
  Even when patients cannot be diagnosed using the CCD criteria, they may be diagnosed using organ-specific diagnostic criteria for IgG4-RD.
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The CD criteria we have proposed for IgG4-RD consist of three parts: concept, diagnostic criteria and explanatory notes ([@CIT0027]). The concept clarifies the features characteristic of IgG4-RD, such as location of lesions, symptoms and prognosis. Diagnostic criteria are based on the two major characteristics of IgG4-RD: increased serum IgG4 concentrations and infiltration of IgG4^+^ cells. Although tissue biopsies are difficult to obtain from some organs, including the pancreas, retroperitoneum and ocular cavity, histopathological examination is important. Because IgG4^+^ plasma cell infiltration has been reported in various diseases and clinical conditions, such as rheumatoid synovitis, inflammatory oral and skin lesions and carcinomas with a peritumoral inflammatory response, pathological criteria should be rigorous. Histopathological findings of marked IgG4^+^ cell infiltration \[\>10 cells per high-power field (HPF)\] and an IgG4/IgG cell ratio \>40% are diagnostic of IgG4-RD. A diagnostic algorithm for IgG4-RD, using comprehensive diagnostic criteria combined with organ-specific criteria, is shown in [Fig. 2](#F2){ref-type="fig"}.

![Algorithm for the diagnosis of IgG4-RD ([@CIT0027]). A diagnosis of IgG4-RD is definitive in patients with all three items (category 1; C1). A diagnosis of IgG4-RD is possible in patients who fulfill criteria 1 and 2, but with negative results on histopathology or without histopathologic examination (categories 2 and 3; C2 and C3), whereas a diagnosis of IgG4-RD is probable in patients with organ involvement (1) and fulfilled histopathologic criteria, but without increased serum IgG4 concentration (2) (category 4; C4). Patients without satisfying the serologic or histopathologic criteria are considered unlikely to have IgG4-RD (categories 5 and 6; C5 and C6). For patients in category 2--6, organ-specific criteria for IgG4-RD could be applied, such as those for AIP, MD, kidney disease and sclerosing cholangitis associated with IgG4. Patients who fulfill the organ-specific criteria for IgG4-RD have a definite diagnosis of this disease (category 7; C7).](intimm_dxu074_f0002){#F2}

Clinicopathological features of IgG4-RD {#s5}
=======================================

IgG4-related dacryoadenitis, sialadenitis and parotitis, or IgG4-related submandibular gland disease (IgG4-related MD) {#s6}
----------------------------------------------------------------------------------------------------------------------

Some patients show typical symptoms of MD, such as swelling of the lachrymal, parotid and/or submandibular glands, similar to findings in Sjögren's syndrome (SS). The most important difference between these two entities is that IgG4-RD is characterized by marked infiltration of IgG4^+^ plasma cells, with a ratio of IgG4^+^ to IgG^+^ cells \>40%, a finding almost never seen in patients with SS ([@CIT0006], [@CIT0023], [@CIT0028], [@CIT0029]).

Type 1 AIP (IgG4-related pancreatitis) {#s7}
--------------------------------------

Following the description of a patient with chronic pancreatitis due to an autoimmune mechanism ([@CIT0030]), lymphoplasmacytic sclerosing pancreatitis was found to be a characteristic histopathological finding in patients with AIP ([@CIT0031]). Recent studies have suggested that AIP manifests as two distinct subtypes ([@CIT0007]). Type 1 AIP is defined by increased serum gammaglobulin, IgG and/or IgG4 concentrations and characteristic pathological features, including IgG4^+^ plasmacyte infiltration, fibrosis and obliterative phlebitis. In contrast, type 2 AIP is characterized by idiopathic duct-centric pancreatitis or AIP with granulocytic epithelial lesions with no increases in serum IgG4 or IgG, no autoantibodies and no involvement of other organs, except for inflammatory bowel disease. Therefore, type 1 AIP is considered the pancreatic manifestation of IgG4-RD ([@CIT0024], [@CIT0032]).

IgG4-related KD {#s8}
---------------

The kidney is a frequent target organ in IgG4-RD, with tubulointerstitial nephritis (TIN) and fibrosis and abundant IgG4^+^ plasma cell infiltration being diagnostically important ([@CIT0011], [@CIT0033], [@CIT0034]). Compared with other types of interstitial nephritis, IgG4-related TIN is often associated with extrarenal lesions, such as pancreatitis, sialadenitis and lymphadenitis, and a high incidence of hypocomplementemia ([@CIT0035]). Recently, a working group in the Japanese Society of Nephrology established diagnostic criteria for IgG4-related KD based on clinical features, including extrarenal organ involvement, urinalysis and serological features, including serum IgG4 levels, findings on computed tomography (CT) scanning, renal histology with IgG4 immunostaining and response to steroid therapy ([@CIT0026]).

Involvement of other organs in IgG4-RD {#s9}
--------------------------------------

### IgG4-related lung diseases. {#s10}

IgG4-related lung disease (LD) has been described as inflammatory pseudotumor, interstitial pneumonitis, organizing pneumonia and lymphomatoid granulomatosis ([@CIT0009]). Some patients presented initially with respiratory symptoms, such as dry cough or dyspnea, whereas 75% of patients are asymptomatic and found incidentally by abnormal shadows on chest X-rays and CT scanning. Histopathologically, interstitial pneumonitis often shows a pattern previously classified as non-specific interstitial pneumonia ([@CIT0036]). The diagnostic criteria for IgG4-related LD are currently being considered by a working group of the Japanese Respiratory Association.

### IgG4-related thyroid disease. {#s11}

Recently, a unique subtype of Hashimoto's thyroiditis (HT) was described, characterized by the presence of prominent fibrosis such as storiform fibrosis and swirling fibrosis, numerous IgG4^+^ plasma cells and increased serum IgG4 ([@CIT0037]); this entity has been called IgG4-related HT ([@CIT0038]). Positivity for antithyroglobulin antibody and antithyroid peroxidase antibody did not differ significantly between IgG4-related HT and non-IgG4 HT, but titers of both antibodies were significantly higher in IgG4-related HT than in non--IgG4 HT ([@CIT0039]).

### IgG4-related RPF. {#s12}

RPF is a chronic inflammatory condition with marked fibrosis in retroperitoneal tissue. In patients with advanced RPF, a retroperitoneal mass covers the abdominal aorta and compresses the ureters, leading to urinary obstruction. It has been reported that 58.8% of patients with RPF had both increased serum IgG4 and histopathological features typical of IgG4-RD ([@CIT0009]).

### IgG4-related aortitis/periaortitis. {#s13}

Several recent reports have described patients with inflammatory aneurysms in the abdominal or thoracic aorta ([@CIT0017], [@CIT0040]). For example, 40% of inflammatory abdominal aortic aneurysms were IgG4-RD, with increased IgG4 in serum and abundant infiltration of IgG4^+^ plasma cells and obliterative phlebitis ([@CIT0040]).

### IgG4-related lymphadenopathy. {#s14}

Patients with IgG4-RD and generalized lymphadenopathy should only be evaluated for lymphoma, sarcoidosis, multicentric Castleman's disease and other malignancies. Patients with systemic IgG4-related lymphadenopathy were found to be significantly older and to have significantly lower C-reactive protein (CRP) and IL-6 concentrations than patients with multicentric Castleman's disease ([@CIT0013]).

Pathogenesis of IgG4-RD {#s15}
=======================

Increased serum IgG4 concentration and tissue infiltration by IgG4^+^ cells are key events in IgG4-RD. Aberrant acquired immunological findings such as T~h~2-dominated cytokine production leading to IgG4 hyperproduction and increase in number of regulatory T cells (Treg cells) have been reported ([@CIT0041]). Although some autoantibodies, including those to pancreatic trypsin inhibitor, lactoferrin and carbonic anhydrase have been reported in patients with IgG4-related AIP ([@CIT0044], [@CIT0045]), IgG4-type autoantibodies have not been detected in patients with other organ involvement of IgG4-RD. At present, it is not clear whether IgG4-RD is caused by abnormal acquired immunity like autoimmune diseases, and whether the enhanced production of IgG4 antibody is a true cause of IgG4-RD or an epiphenomenon associated with inflammatory reactions.

IgG4-RD occurs comparatively more in the older persons (median age, 58 years), slowly progresses and shows relatively weak inflammation signs such as low titer of CRP ([@CIT0001]). Infections with various species of pathogens such as *Helicobacter pylori* ([@CIT0046], [@CIT0047]), Gram-negative bacteria ([@CIT0048]) and *Mycobacterium tuberculosis* ([@CIT0049]) have been reported in IgG4-RD. In addition, stimulation with toll-like receptor (TLR) ligands induces production of both IgG4 and IL-10 from PBMCs ([@CIT0050]). It is likely that various species of pathogens induce productions of IgG4, which may prevent innate immunity, resulting in the persistence of infections. We therefore focused on the possibility that the innate immune system may be involved in the pathogenesis of IgG4-RD through cross-talk with acquired immunity.

Characteristics of IgG4 and class switching of B-cell immunoglobulin {#s16}
====================================================================

Among the four subclasses of IgGs, the most abundant IgG is IgG1 ranging from 5 to 11mg ml^-1^, whereas the least abundant subclass is IgG4 ranging from 0.35 to 0.51mg ml^-1^ ([@CIT0051]). The important differences between IgG1 and IgG4 are a few amino acid differences in the CH2 domain, CPSC and CPPC (P, proline; S, serine; C, cysteine) for IgG4 and IgG1 core hinge lesions, respectively. The S228 in IgG4 results in a more flexible hinge enabling the formation of an intrachain cyclized disulfide and leads to the appearance of half-antibodies, which contain non-covalently linked heavy chains as determined by analysis of IgG4 antibodies under denaturing conditions ([@CIT0051], [@CIT0052]). Thus, IgG4 antibodies can exchange Fab arms by swapping a heavy chain and attached light chain and form bispecific antibodies that function as monovalent molecules ([Fig. 3](#F3){ref-type="fig"}) ([@CIT0051], [@CIT0053]).

![Structural characteristics of IgG4 ([@CIT0051]). Generally, each immunoglobulin monomer consists of two identical half-molecules; two such monomers recognizing different antigens are shown in pink or green at the top of the figure. Each half-molecule is a pair of a heavy chain (H strand) and a light chain (L chain). Two pairs are generally joined together by the non-covalent bond of the 3C domain and the covalent bond of the hinge segment. However, because IgG4 does not have a covalent bond between H strands and the covalent bond is carried out within the H strand, a characteristic space structure is taken. The important features of IgG4 are functional monovalency and half-molecule exchange. IgG4 antibodies may exist as pairs of different half-molecules (functional monovalency) by the intra-heavy-chain disulfide-bonded structure. Under certain conditions, IgG4-Fabs may join together, making a chimeric antibody by the inter-heavy-chain disulfide bonds. Therefore, IgG4 may decrease or neutralize the cellular immunity triggered by IgG1.](intimm_dxu074_f0003){#F3}

Several lines of evidence suggest that IgG4 has an anti-inflammatory rather than a pro-inflammatory role. First, the interactions of IgG4 with the Fcγ receptor and C1q are weaker than those of other IgG subclasses ([@CIT0051], [@CIT0054]). Second, IgG4 antibodies can exchange Fab arms by swapping a heavy chain and an attached light chain (half-molecule) with a heavy--light chain pair from another molecule, resulting in bispecific antibodies ([@CIT0051], [@CIT0053]). Thus, IgG4 antibodies are unable to cross-link antigens to form immune complexes (ICs) for complement activation. These properties may protect against type I allergy by inhibiting IgE functions and may prevent type II and III allergies by blocking Fc-mediated effector functions of IgG1 and inhibiting the formation of large ICs ([Fig. 4e](#F4){ref-type="fig"}) ([@CIT0051], [@CIT0054], [@CIT0055]). Third, increased IgG4 levels during prolonged immunization are considered a marker of tolerance induction in IgE-related allergic disorders ([@CIT0056], [@CIT0057]). Fourth, IgG4 as well as IgG1 and IgG3 subclasses of PR3-ANCA are able to induce release of superoxide, degranulation and adhesion of neutrophils. However, the IgG4 subclass of PR3-ANCA was unable to stimulate neutrophil IL-8 release because of lack of binding with FcγRIIIb on neutrophils ([@CIT0058]).

![Cross-talk between innate and acquired immunity in IgG4-RD. (a) T-cell differentiation (acquired immunity). Naive helper T cells (T~h~0) can become either T~h~1 or T~h~2 under the instructive influence of IL-12 or IL-4, respectively. T~h~2 cells produce IL-4, IL-5 and IL-13, which are potent activators of B-cell IgE production and eosinophil recruitment. In addition, TGF-β induces Foxp3 and generates Treg cells. Whereas, Tr1 cells, an important source of IL-10, are converted from T~h~1, T~h~2 and Treg cells by IL-27. (b) Antigen-presenting cells (innate immunity). TLR4 recognizes LPS, which is unique to Gram-negative bacteria, whereas TLR2 is activated by lipoteichoic acid (LTA) or bacterial lipoproteins. Ligation of TLR2 by pathogenic micro-organisms such as fungi and mycobacteria induces a T~h~2 anti-inflammatory bias, either through release of IL-10 or through inhibition of IFN-γ signaling. IL-27 is produced primarily by antigen-presenting cells after stimulation by microbial products or inflammatory mediators and converts activated inflammatory CD4+ T cells into IL-10-producing Tr1 cells. The activation of TLRs or NLRs (NOD-2) in APCs produces BAFF and APRIL, leading to IgG4 production. (c) Cross-talk between the complement system and TLRs (innate immunity). C3 activation generates effector molecules such as C3a and C5a anaphylatoxins, which activate specific G-protein-coupled receptors, CR3 and C5aR, respectively. Activation of C5aR in macrophages and dendritic cells inhibits TLR-4-induced production of IL-12, IL-23 and IL-27 proteins from these cells. This decreased cytokine response translates into a decreased T~h~1 response as an important mechanism for a shift of T~h~1 to T~h~2 polarization in response to innate and adaptive immune network activation. (d) B-cell immunoglobulin class switching to IgG4 (acquired immunity). Most antigens initiate class switching and SHM in the GC of lymphoid follicles through cognate interaction between B cells and Tfh cells that express CD40 ligand (CD40L). Tfh cells provide crucial signals to GC B cells undergoing SHM and selection that results in affinity maturation. BAFF and APRIL, in concert with IL-21, enhance IgG4 production via promoting the expansion of IgG4-committed B cells. The survival of B cells committed to IgG4 production is enhanced in the presence of IL-21. (e) Impairment of adaptive immunity (innate immunity). IgG4 antibodies can exchange Fab arms by swapping a heavy chain and attached light chain and form bispecific antibodies. The interactions of IgG4 with the Fcγ receptor and C1q are weaker than those of other IgG subclasses, resulting in blocking Fc-mediated effector functions of IgG1, inhibiting the formation of large immune complexes and decreasing IL-8 excretion from neutrophils. These properties of the IgG4 mediate impaired adaptive immunity.](intimm_dxu074_f0004){#F4}

Although the essential role of IgG4 antibody remains to be made clear in the pathogenesis of IgG4-RD such as type I AIP, it has been reported that bispecific IgG4 antibodies can protect patients against the autoimmune myasthenia gravis by competing with pathogenic IgG1 antibodies against acetylcholine receptor ([@CIT0059], [@CIT0060]), and that an IgG4 antibody to desmoglein causes direct disruption of the epithelial layer and blister formation in pemphigus without antibody-dependent cellular cytotoxicity or complement activation ([@CIT0061]).

Mature B cells diversify their immunoglobulin genes through class switching and somatic hypermutation (SHM), both of which require the DNA-editing enzyme activation-induced cytidine deaminase (AID) ([@CIT0062]). Most antigens initiate class switching and SHM in the germinal center (GC) of lymphoid follicles through cognate interaction between B cells and CD4+ helper T cells that express CD40 ligand (CD40L), whereas dendritic cells recognize microbial products through TLRs and produce CD40L-related class switch-inducing factors, B cell-activating factor (BAFF), which is in the TNF family and a proliferation-inducing ligand (APRIL) ([@CIT0063]), both of which cooperate with TLR ligands to induce AID expression in B cells ([@CIT0062]). It has been reported that by analysis of immunoglobulin heavy chain gene re-arrangement and SHM, rates of unmutated VH fragments, especially VH3 family, were significantly higher in IgG4-related sclerosing sialoadenitis as well as SS than in control sialolithiasis ([@CIT0064]) ([Fig. 4d](#F4){ref-type="fig"}).

Cross-talk in the cytokine network {#s17}
----------------------------------

Many reports have indicated that T~h~2-dominant immune responses and the production of T~h~2-type cytokines, including IL-4, IL-5 and IL-13 as well as the regulatory cytokines IL-10 and TGF-β are increased in IgG4-RD ([Fig. 4a](#F4){ref-type="fig"}) ([@CIT0041], [@CIT0042], [@CIT0050], [@CIT0065]). Recently, the levels of expression of IL-10, TGF-β and AID were reported to be significantly higher in the labial salivary glands (LSGs) of patients with IgG4-RD than in the LSGs of patients with SS and controls ([@CIT0068]). Because the T~h~2 cytokines and IL-10 can induce IgG4- and IgE-specific class-switch recombinations ([@CIT0069]), the over-expression of these factors may be involved in the pathogenesis of IgG4-RD through IgG4-specific class-switch recombination and fibrosis. IL-21 produced by macrophages has been reported to control the functional activity of effector follicular helper T (Tfh) cells and to promote their formation of ectopic GCs, which are often seen in lesions of IgG4-RD. Recently, IL-21 expression in LSGs was shown to correlate with the number of GCs and the IgG4/IgG4 ratio in patients with IgG4-RD ([Fig. 4b](#F4){ref-type="fig"}) ([@CIT0070]).

IL-27, a member of the IL-12 family, including IL-12, IL-23, IL-27 and IL-35, is produced primarily by antigen-presenting cells (APCs), macrophages and dendritic cells, after stimulation by microbial products or inflammatory mediators ([@CIT0071]). IL-27 and IL-35 have anti-inflammatory properties, whereas IL-12 and IL-23 have pro-inflammatory properties ([@CIT0072]). In addition, IL-27 converts activated inflammatory CD4+ T cells into IL-10-producing T~h~1 or type 1 Treg (Tr1) cells ([@CIT0073]). Therefore, IL-21 and IL-27 may participate in the pathogenesis of IgG4-RD through hyperproduction of IL-10 and increase of GCs and Treg cells ([Fig. 4a](#F4){ref-type="fig"}, [b](#F4){ref-type="fig"} and [d](#F4){ref-type="fig"}).

BAFF mediates the regulation of B-cell maturation, survival, CD40L-independent antibody production and induces IgG4 class-switch DNA recombination in the presence of IL-4 ([@CIT0063]). Because serum concentrations of BAFF and its homolog, APRIL, were found to be significantly higher in patients with IgG4-RD than healthy individuals ([@CIT0074]), BAFF and APRIL may also be involved in increasing IgG4 in patients with IgG4-RD ([Fig. 4b](#F4){ref-type="fig"} and [d](#F4){ref-type="fig"}).

Involvement of TLRs and nucleotide-binding oligomerization domain-like receptors in IgG4-RD {#s18}
-------------------------------------------------------------------------------------------

TLRs recognize pathogen-associated molecular patterns and activate immune responses as a frontline of host defense. On the basis of cellular distribution and/or ligand specificity, TLRs can be divided into two groups: TLR1, TLR2, TLR4, TLR5 and TLR6 are mainly present on the cell membrane and sense lipids or proteins unique to bacteria, whereas TLR3, TLR7, TLR8 and TLR9 reside in the endosomes or the endoplasmic reticulum and sense nucleic acids ([@CIT0075]). Furthermore, the nucleotide-binding oligomerization domain (NOD) family of proteins (NOD-1 and NOD-2), i.e. NOD-like receptors (NLRs) plays an important role in the recognition of intracellular bacteria ([Fig. 4b](#F4){ref-type="fig"}) ([@CIT0076]).

TLRs were initially regarded as being expressed primarily by APCs, such as macrophages and dendritic cells. However, TLR expression was observed on various T-cell subsets, including conventional αβ, regulatory and γδ T cells, as well as on NK T cells, and these T cells can sense pathogens directly through TLRs, modifying their behavior ([@CIT0077]). For example, TLR4 is associated with the efficient release of pro-inflammatory T~h~1 cytokines, whereas TLR2 promotes T~h~2 responses by increasing the production of the anti-inflammatory cytokine IL-10 ([@CIT0078]). Thus, the TLR and NLR systems may contribute to T~h~2-dominant immune responses in IgG4-RD.

The characteristic features of aberrant immunological findings in IgG4-RD are the T~h~2-dominant immune response and the increased production of T~h~2-type cytokines, such as IL-4, IL-5, IL-10 and IL-13 ([@CIT0042], [@CIT0050], [@CIT0066]). In addition, the numbers of CD4+CD25+Foxp3+ Treg cells are significantly higher in the affected tissues and peripheral blood of patients with IgG4-RD than those with autoimmune diseases ([@CIT0041], [@CIT0065]).

In addition to T~h~1 and T~h~2 subsets, the repertoire of effector CD4+ T-cell subsets has recently expanded to include Treg cells, Tr1 cells, Tfh cells and follicular Treg cells (Tfr cells) ([@CIT0079]). In response to T-dependent antigens, a proportion of naive Treg cells can express Bcl-6, which allows them to adopt the Tfh cell differentiation program, express the follicular homing receptor CXCR5 and localize to GCs. Tfh cells provide crucial signals to GC B cells undergoing SHM and selection that results in affinity maturation. Tight control of Tfh is maintained by CXCR5highPD-1highCD4+ Tfr cells. GC reactions can be controlled by limiting the numbers of Tfh cells and by inhibiting the selection of non--antigen-specific B cells, including those carrying self-reactive receptors ([Fig. 4a](#F4){ref-type="fig"} and [d](#F4){ref-type="fig"}). Tr1 cells (Foxp3−CD4+ Treg cells) have been found to be important sources of IL-10, an anti-inflammatory cytokine that limits inflammation ([Fig. 4a](#F4){ref-type="fig"}).

TLR expression is higher on Treg cells than on conventional CD4+ T cells, suggesting that the expansion and function of Treg cells may be closely influenced by TLR ligands. Exposure of Treg cells to the TLR4 ligand LPS up-regulates the expression of several activation markers, enhancing cell survival and/or proliferation. In contrast, administration of TLR2 ligands, such as Pam3Cys-Sk4 and heat shock protein 60, was found to significantly increase the number of Treg cells, while temporarily abrogating their immunosuppressive function ([@CIT0077], [@CIT0080], [@CIT0081]).

Activation of TLRs and NLRs in APCs, including in dendritic cells, monocytes and macrophages, has been reported to lead to immunoglobulin class switching through the production of BAFF and its homolog, APRIL ([@CIT0063], [@CIT0082]). Watanabe *et al*. ([@CIT0083]) reported that BAFF-dependent IgG4 production may enhance the activation or expansion of B cells already committed to IgG4 production. Activation of NOD-2 in monocytes from healthy individuals induced IgG4 production by B cells in a BAFF-dependent and T-cell-independent manner, whereas stimulation of PBMCs from patients with IgG4-RD with NLR and TLR ligands produced large amounts of IgG4, associated with the induction of BAFF by NLR and TLR ligands ([Fig. 4b](#F4){ref-type="fig"}).

TLR activation in basophils has also been reported to contribute to the development of IgG4-RD ([@CIT0084]). Although basophils have been considered T~h~2 effector cells, TLR activation in basophils from healthy individuals induced IgG4 production by B cells, an effect associated with enhanced production of BAFF and IL-13 ([@CIT0085]). Taken together, cells in innate immunity, such as monocytes and basophils, may be functionally involved in the immunopathogenesis of IgG4-RD, through the activation of TLRs and NLRs.

Cross-talk between the complement pathways and acquired immunity {#s19}
----------------------------------------------------------------

IgG4 antibodies can exchange Fab arms and form bispecific antibodies, preventing complement activation in type II and III allergy by blocking Fc-mediated effector functions of IgG1 ([@CIT0051], [@CIT0053]) ([Fig. 4e](#F4){ref-type="fig"}). However, more than half of all patients with IgG4-RD show hypocomplementemia ([@CIT0006]), a discrepancy believed to be due to the ICs containing IgG1 or C1q detected in the affected organs, such as kidneys, of patients with IgG4-RD ([@CIT0086], [@CIT0087]). It has been also reported that the increased levels of ICs were associated with increased levels of IgG1 rather than those of IgG4 and decreased levels of C3 and C4 in cases of AIP ([@CIT0088]). Thus, ICs containing IgG1, IgG2, IgG3 and IgM, except for IgG4 may cause complement activation via the classical pathway. Another possible mechanisms for hypocomplementemia may be mediated by anti-hinge antibodies (AHA), formerly called anti-F(ab')2 antibody, which recognize epitopes in the hinge regions of immunoglobulins ([@CIT0089]). It has been reported that AHA against the IgG4 F(ab')2 fragment of anticitrullinated protein antibody are specific to rheumatoid arthritis and ICs of AHA with IgG4 F(ab')2 were able to activate compliment in some patients with rheumatoid arthritis ([@CIT0090]). Because chronic inflammation activates proteases such as elastase or cathepsin-G, which cleave IgGs into Fab or F(ab')2 fragments, it may be possible that IgG4 deposition in tissues causes ICs of IgG4 and AHA, leading to complement activation in IgG4-RD.

In addition, most pathogens activate complement directly as well as through TLRs ([@CIT0091]), suggesting another mechanisms underlying hypocomplementemia in patients with IgG4-RD and the potential for cross-talk between the two systems.

The complement cascade can be triggered via three distinct pathways, the classical, lectin and alternative pathways, which converge at the third component of complement (C3). C3 activation by pathway-specific C3 convertases leads to the generation of effector molecules involved in (i) recruitment and activation of inflammatory cells (e.g. the C3a and C5a anaphylatoxins, which activate specific G-protein-coupled receptors, C3aR and C5aR, respectively), (ii) microbial opsonization and phagocytosis (e.g. the iC3b opsonin, which interacts with CR3) and (iii) direct lysis of targeted pathogens (via the C5b-9 membrane attack complex). Certain microbial molecules, including LPS (TLR4 agonist), zymosan (TLR2/6 agonist) and CpG DNA (TLR9 agonist), activate complement as well as initiating TLR signaling ([Fig. 4c](#F4){ref-type="fig"}).

On inflammation, activation of C5aR in macrophages inhibits the production of IL-12, IL-23 and IL-27 proteins through the reduction of TLR-4-induced expression of mRNAs encoding IL-12p35, IL-12/IL-23p40, IL-23p19 and IL-27p28 ([@CIT0091]). IL-12 drives the differentiation of the T~h~1 subset from naive CD4+ T cells. IL-23 promotes the expansion of the T~h~17 lineage, whereas IL-27 seems to regulate the balance between T~h~1 and T~h~17 by limiting T~h~17 cell development in favor of T~h~1. Therefore, the decrease of these cytokines results in a shift from T~h~1 to T~h~2 polarization through cross-talk of the innate and acquired immune networks ([Fig. 4c](#F4){ref-type="fig"}) ([@CIT0092]).

Cross-talk between innate and acquired immunity in fibrosis {#s20}
===========================================================

Another hallmark of IgG4-RD is the characteristic fibrosis such as storiform or swirling fibrosis along with obliterative phlebitis, especially observed in IgG4-related pancreatitis, IgG4-related RPF and IgG4-related KD ([@CIT0004], [@CIT0093]). Because fibrosis is the final pathological outcome of chronic inflammation, dense fibrosis may be frequently observed in anatomically deep lesions that would be difficult to detect at an early stage.

At early inflammation, innate immune cells such as macrophages, neutrophils and dendritic cells are activated and produce profibrotic cytokines such as IL-4 and IL-13, along with platelet-derived growth factor, which promote the differentiation of CD14+ precursors to fibrocytes. Macrophages as well as other myeloid-lineage cells (such as mast cells, eosinophils and basophils) are also major producers of TGF-β, which drives fibrosis. In addition, macrophages activated with IL-4 (or IL-13) turned to the phenotype of so-called M2 macrophages distinct from classical macrophages (M1) activated by IFN-γ. M2 macrophages have been implicated in the development of T~h~2-efffector responses (i.e. production of IL-4, IL-5 and IL-13) that drive progression of fibrosis ([@CIT0094]). Although the severity of fibrosis may differ in organs, hyperproduction of T~h~2-type cytokines, including IL-4, IL-5 and IL-13 as well as the regulatory cytokines IL-10 and TGF-β may be involved in fibrosis of IgG4-RD.

Future aspects {#s21}
==============

IgG4-RD is a disease that has transcended the old concept of individual disease categories, such as MD, AIP and so on. Although all of these diseases have characteristics in common, such as high serum IgG4 concentrations and IgG4^+^ plasma cell infiltration, there are many questions concerning the etiologic function of IgG4 and the mechanisms under class switching from other IgGs to IgG4. Several studies have addressed aberrant acquired immunity of the T~h~2-dominant immune response and the hyperproduction of T~h~2-type cytokines in IgG4-RD ([@CIT0042], [@CIT0050], [@CIT0066]). More recent studies of innate immunity in patients with IgG4-RD have reported that macrophages and basophils function abnormally and that macrophages over-express BAFF, APRIL and other cytokines ([@CIT0074], [@CIT0083], [@CIT0084]). Similarly, our microarray analysis showed that many of the genes showing a \>3-fold difference in expression between IgG4-RD patients and healthy controls were genes related to innate immunity (A. Nakajima *et al*., submitted for publication). Conventionally, many underlying diseases, such as tuberculosis, other infections and lymphoma, have been reported to cause MD. Similarly, the underlying causes of IgG4-RD may differ. Further investigations of IgG4-RD are needed to clarify the mechanisms underlying IgG4 hyperproduction and the roles of IgG4 in IgG4-RD, including investigations of the cross-talk between innate and acquired immunity.
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